This study presents a performance comparison of Fe(II)-catalyzed sodium percarbonate (SPC), Fe(II)-EDDS-catalyzed SPC, and of the innovative hydroxylamine hydrochloride (HA)-Fe(II)-EDDS-catalyzed SPC for the degradation of trichloroethylene (TCE) in water. TCE degradation was greater in the Fe(II)-EDDS-catalyzed SPC system compared to the Fe(II)-catalyzed SPC system, indicating the effectiveness of adding EDDS as an enhancement factor for the removal of TCE. Moreover, TCE degradation was faster in the HA-Fe(II)-EDDS-catalyzed SPC system compared to the Fe(II)-EDDS-catalyzed SPC system, illustrating that HA can play a synergistic role in TCE degradation. Analysis of iron distribution in the three systems demonstrated that EDDS addition maintained iron in soluble form, and that the generation of soluble ferrous from ferric iron was expedited with addition of HA. Studies using nitrobenzene and carbon tetrachloride probes provided insights on the generation of hydroxyl radical (HO 
Introduction
In past decades, extensive usage, uncontrolled disposal, and unavoidable leakage of chlorinated organic compounds have led to serious environmental contamination because of their harmful characteristics, such as toxicity and carcinogenicity. Trichloroethylene (TCE), a typical chlorinated organic compound used widely in electronic processing, organic synthesis, and metal degreasing, is one of the most ubiquitous groundwater contaminants. Its maximum contaminant level in drinking water is regulated at 5 μg L −1 by USEPA (US EPA 2009).
Therefore, a large number of technologies, including bioremediation, permeable reactive barriers (PRBs), and in situ chemical oxidation (ISCO), have been conducted for TCEcontaminated groundwater remediation (Teerakun et al. 2011; Phenrat et al. 2015; Liang and Lee 2008) . Among numerous remediation processes, ISCO technology is a promising alternative, and has attracted much attention for being highly efficient and cost-effective. Many oxidants, including permanganate (Waldemer and Tratnyek 2006 ), Fenton's reagent (Watts and Teel 2005) , ozone (Ranc et al. 
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Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11356-018-1708-9) contains supplementary material, which is available to authorized users. 2016), persulfate (Oh et al. 2011; Zhao et al. 2013) , and sodium percarbonate (SPC; 2Na 2 CO 3 •3H 2 O 2 ) (Sindelar et al. 2014; Fu et al. 2015; Viisimaa and Goi 2014) have been employed in ISCO remediation application. Recently, the application of SPC, a solid substitute of hydrogen peroxide (H 2 O 2 ) that releases H 2 O 2 when mixed with H 2 O, has created significant interest due to its numerous advantages such as wider pH range applicability and alkaline properties, therefore avoiding unacceptable acidification of groundwater in contrast with liquid H 2 O 2 . For example, Miao et al. (2015) illustrated effective degradation of TCE using the percarbonate process activated by ferrous iron. Their system employed relatively large chemical dosages for complete TCE degradation in Fe(II)-catalyzed SPC system. In order to improve the utilization of ferrous iron, several primary organic chelating agents such as citric acid, oxalic acid, and glutamate were employed to enhance soluble state maintenance (Venny et al. 2012; Seol and Javandel 2008; Jhoa et al. 2010; ElShafei et al. 2010) . Moreover, the higher reactivity of chelated-Fe(II) with SPC also improved the utilization of SPC, resulting in further enhancement of contaminant removal for the ferrousiron activated percarbonate process (Fu et al. 2016a ). However, some drawbacks still exist. First, an unavoidable acidification of groundwater takes place due to the addition of acidic chelating agents to the Fe(II)-catalyzed SPC system. Second, the soluble iron in chelated-Fe(II) catalyzed SPC system is in the ferric form, which is less reactive with H 2 O 2 and leads to lower contaminant degradation efficiency (Fu et al. 2016a, b) . Therefore, it is advantageous to seek a neutral chelating agent and a suitable reducing agent for the ferrous-iron activated percarbonate process.
In recently reported research studies, the application of a neutral iron-chelating agent, ethylenediamine-N,N′-disuccinic acid (EDDS) as a replacement of EDTA, was evaluated for various oxidation processes in ISCO. EDDS is a biodegradable structural isomer of EDTA, and has been studied as an environmentally safe neutral chelating agent. Huang et al. (2013) have already shown EDDS to be an efficient chelating agent for the degradation activity of ferric iron against bisphenol A in a wider pH range. In addition, reducing agents have been used to alleviate the drawback of rapid Fe(II) consumption. For example, ascorbic acid was employed in the traditional Fe(II) catalyzed persulfate process to enhance the regeneration of Fe(II) from Fe(III), and consequently the removal efficiency of Acid Orange 7 (Lei et al. 2015) . Chen et al. (2011) and Zou et al. (2013) also reported selection of hydroxylamine hydrochloride (HA) as a reducing agent to accelerate Fe(II)/Fe(III) cycling.
Based on the above discussion, it is expected that the addition of reducing agents to chelated-iron catalyzed systems can enhance the removal efficiency of contaminants via improving utilization of Fe(II) and SPC. However, to the best of our knowledge, no research study has so far focused on determining the effectiveness of the Fe(II)-EDDS catalyzed SPC system for contaminant degradation, nor on the effect of HA on the Fe(II)-EDDS catalyzed SPC system. Therefore, the objectives of this study were to (1) 
Experimental procedures
Twenty-five-milliliter TCE stock solution (concentration is 1.5 mM) was diluted to the desired concentration in a 250-mL cylindrical glass reactor, where a magnetic stirrer was used to provide mixing. The initial TCE concentration is fixed on 0.15 mM (about 20 mg/L) according to our survey of contaminated sites in Shanghai, China, and the previous studies Kim et al. 2010; Yuan et al. 2012) . Pre-determined amounts of EDDS, ferrous sulfate heptahydrate, and HA were added to the reactor successively, and then, SPC was added to the reactor to initiate the reaction. A temperature bath (DC, Ningbo, China) was used to provide temperature control at 20°C. Aqueous samples (1.0 mL) were collected at the desired time intervals and extracted with hexane (1.0 mL) for 3 min using a vortex stirrer following separation for 5 min. The organic phase was analyzed immediately by a gas chromatograph (Agilent 7890A, Palo Alto, CA).
Analytical methods
The specific conditions of NB, TCE, and CT analysis can be found in our previous research ) were measured with 1,10-phenanthroline method (Tamura et al. 1974 ). The solution pH was recorded by a pH meter (Mettler-Toledo DELTA 320).
Results and discussion
The enhanced effect of EDDS and HA on the generation of free-radicals According to our previous research studies, both hydroxyl radical (HO ) have been observed in catalyzed SPC systems (Fu et al. 2016a, b; Zhang et al. 2015) . In this study, NB was selected as an oxidant probe compound to examine the generation of HO ) in all three systems. As depicted in Fig. 1a , only 48% NB was removed from the Fe(II)-catalyzed SPC system which is limited by the poor recovery of Fe(II) from Fe(III). While higher removal of NB (59%) was observed in the Fe(II)-EDDS-catalyzed SPC system, suggesting that the addition of EDDS could enhance the generation of HO
• . This may be induced by the Fe(II)/Fe(III) − EDDS complex, which can maintain iron in soluble form and accelerate the regeneration of Fe(II) from Fe(III) (Eqs. 1 and 2) (Huang et al. 2013 ). The results also showed that NB removal (%) in the first 10 min was almost the same in both Fe(II)-EDDS-catalyzed SPC and HA-Fe(II)-EDDS-catalyzed SPC systems, suggesting that addition of HA at the beginning of the reaction had no effect on the generation of HO
• . However, to be noted, a slight decrease of final NB removal (55%) was observed in the HA-Fe(II)-EDDS-catalyzed SPC system, confirming that the addition of HA adversely affected HO
• generation while the reaction proceeded. This phenomenon might be because (1) (Matheson and Tratnyek 1994; Yu and Barker 2003) . In addition, we know that the degradation of most NB occurred in the first 20 min, and minor degradation of NB was observed in the last 70 min, , but receded the generation of HO
• to a certain extent.
TCE degradation performance in these three systems TCE degradation performance in Fe(II)-catalyzed SPC, Fe(II)-EDDS-catalyzed SPC, and HA-Fe(II)-EDDS-catalyzed SPC systems is shown in Fig. 2 . The results show 33, 83, and 81% of TCE removal from these three systems after 180 min, respectively, while minimal mass loss was observed in the control. It is noted that the degradation of TCE for the Fe(II)-catalyzed SPC system with a SPC/Fe(II)/TCE molar ratio of 5/3/1 proceeded rapidly in the first minute, followed by no further degradation. This was mainly due to the rapid consumption of soluble iron and the unproductive scavenging of HO • as discussed in our previous study .
Conversely, continuous degradation of TCE was observed for the Fe(II)-EDDS-catalyzed SPC system, where 32% degradation of TCE occurred in the first minute and a further 50% degradation was observed in remaining time. This indicated that the addition of EDDS (0.4 mM) could enhance the continuous degradation of TCE, resulting in the improvement of TCE removal (%). This is because of the enhanced generation of HO
• and O 2
•− , which can degrade TCE through oxidation and reduction processes, respectively, in the Fe(II)-EDDS-catalyzed SPC system (see discussion in the BThe enhanced effect of EDDS and HA on the generation of free-radicals^section). The effect of EDDS dosage with a SPC/Fe(II)/TCE molar ratio of 5/3/1 on TCE degradation performance is shown in Fig. 3 .
TCE removal kinetics in the Fe(II)-EDDS-catalyzed SPC system followed the pseudo-first-order reaction kinetic model. The rate constant (k) and linear correlation coefficient (R 2 ) of the fitting line (Fig. S1 ) according to Eqs. 7 and 8, where C i and C 0 are the TCE concentrations (mM) at various time t (min) and time equal to zero, respectively, are listed in Table S1 .
The corresponding rate constant increased from 0.0004 to 0.0098 min −1 with the increase of EDDS concentration from As depicted in Fig. 4 , almost all iron resided in solution during the reaction process in the Fe(II)-EDDS-catalyzed SPC system compared to the rapid consumption and extremely low concentration of soluble iron in the Fe(II)-catalyzed SPC system. This indicates that the addition of EDDS can maintain iron in soluble form. This improves the effective utilization of iron, further enhancing TCE treatment efficiency. In addition, the decreasing concentration of EDDS (data not shown) due to oxidation by HO
• led to an increasing concentration of total free iron as the reaction proceeded. Unfortunately, the concentration of chelated-iron, Fe(II)-EDDS and Fe(III)-EDDS, could not be determined in our study. Figure 5 shows the effect of HA on TCE degradation in the HA-Fe(II)-EDDS-catalyzed SPC system with a SPC/Fe(II)/TCE molar ratio of 5/3/1 when EDDS concentration was 0.4 mM. The kinetics of TCE removal in the HA-Fe(II)-EDDS-catalyzed SPC system also followed the pseudo-first-order reaction kinetic model, and the fitting line is shown in Fig. S2 , and its k and R 2 are listed in Table S2 . The results showed that the removal of TCE reached 60, 67, and 79% at 30 min when the HA concentration was 0.75, 1.5, and 2.25 mM, compared to 58% of TCE degradation at 30 min in the Fe(II)-EDDS-catalyzed SPC system without HA addition. Meanwhile, the rate constants (k) increased from 0.0098 to 0.0423 min
with an increase in HA concentration from 0.0 to 2.25 mM. The obtained results demonstrated that the addition of HA to the Fe(II)-EDDS-catalyzed SPC system could improve the TCE degradation efficiency and shorten the degradation period. However, excess HA addition decreased TCE removal (%) due to the quenching effect of HO
• by NH 2 OH and Cl − . Hence, appropriate concentrations of EDDS and HA should be selected so as to achieve a higher TCE removal (%) with less cost. Moreover, higher concentration of free ferrous ions (Fe 2+ ) in the HA-Fe(II)-EDDS-catalyzed SPC system compared to the Fe(II)-EDDS-catalyzed SPC system (shown in Fig. 4) indicated that the addition of HA enhanced the generation of free ferrous ions (Fe 2+ ) from free ferric ions (Fe 3+ ), which prompted speculation that the enhanced generation of Fe(II)-EDDS from Fe(III)-EDDS, even though we could not determine the valent it is important to compare the role of these two reactive oxygen species radicals in TCE degradation in these three systems. This was done at a SPC/Fe(II)/TCE molar ratio of 5/3/1 with EDDS (0.4 mM) and HA (2.25 mM). In this study, two free radical scavengers, tert-butyl alcohol (TBA) and 1,4-benzoquinone (BQ), were selected to investigate the role of HO ), respectively (Buxton et al. 1988; Haag and Yao 1992) . In addition, we introduced the term of contribution degree (CD) to examine the relevant contribution role of HO
• and O 2 •− , as depicted in Eq. 9, where R s and R 0 represent the final removal (%) of TCE with or without addition of scavengers. It should be noted that the CD describes the relevant role of the two free radicals on TCE degradation, but cannot quantify their actual contribution on TCE degradation due to the interelations of formation and consumption of such radicals.
Figure 6a shows minimal degradation of TCE when TBA was added to the system while slight inhibition of TCE degradation with BQ addition was observed in the Fe(II)-catalyzed SPC system, indicating that HO
• played a dominant role in TCE degradation even though O 2
•− existed in the Fe(II)-catalyzed SPC system. The results depicted in Fig. 6b , c suggest that HO • is the main free radical responsible for TCE degradation because 48 and 40% inhibition of TCE degradation were observed when 30 mM TBA was added to Fe(II)-EDDS-catalyzed SPC a n d H A -F e ( I I ) -E D D S -c a t a l y z e d S P C s y s t e m s . 
Mechanism of TCE degradation
Many reported research studies measured the Cl − concentration to investigate the dechlorination extent of chlorinated hydrocarbons as being crucial to its mineralization (Gu et al. 2012; Liang et al. 2007) . In this study, Cl − concentration accompanied with TCE degradation was measured to investigate the dechlorination degree of TCE in the Fe(II)-EDDS-catalyzed SPC and HA-Fe(II)-EDDS-catalyzed SPC systems. Theoretically, 3 mol Cl − will be generated after total dechlorination of 1.0 mol of TCE. As depicted in Fig. 7 • to the C = C bond, direct photolysis, and addition of chlorine atom to the C = C bond (Li et al. 2007 ). Based on the previous research and the only detected product (formic acid), one degradation pathway of TCE corresponding to HO • oxidation was proposed ( Fig. 8 (Li et al. 2007 ).
A nucleophilic addition of O 2 •− to chloroalkenes was proposed as the reasonable initial step for the degradation of these compounds in previous research studies (Calderwood et al. 1983; Gibian et al. 1979 
Conclusions
A comparison of TCE degradation by Fe(II)-catalyzed SPC, Fe(II)-EDDS-catalyzed SPC, and an innovative HA-Fe(II)-EDDS-catalyzed SPC system was successfully investigated. The addition of EDDS to the Fe(II)-catalyzed SPC system enhanced TCE removal (%), and HA addition to the Fe(II)-EDDS-catalyzed SPC system accelerated TCE degradation. Appropriate dosages of EDDS and HA should be employed in order to achieve optimal TCE degradation because excess HA and EDDS can suppress TCE degradation. HO
•− were verified in the three systems through the effective degradation of radical probe compounds, nitrobenzene and carbon tetrachloride. The addition of EDDS promoted the generation of both HO • and O 2
•−
, whereas the addition of HA enhanced the generation of O 2
•− but slightly decreased the generation of HO
• . The analysis of iron distribution in the three systems indicated that the addition of EDDS could maintain iron in soluble form, and the generation of soluble ferrous ions from ferric ions could be enhanced due to the addition of HA. In addition, the result of free-radical scavenger tests demonstrated that both HO
• and O 2 •− were predominant species responsible for TCE removal, and that the relative contribution of O 2 •− increased gradually in Fe(II)-catalyzed SPC, Fe(II)-EDDS-catalyzed SPC, and HA-Fe(II)-EDDS-catalyzed SPC systems. Finally, the complete release of Cl − indicated the complete dechlorination of TCE, and two possible degradation pathways were proposed in this study. The results acquired from this study explicitly elaborate that the innovative HA-Fe(II)-EDDS-catalyzed SPC system is superior to the Fe(II)-catalyzed SPC and Fe(II)-EDDS-catalyzed systems.
